Objective: To compare image quality and apparent diffusion coefficients (ADC) of the normal pancreas parenchymas in breath-hold, respiratory-triggered and free-breathing diffusion weighted imaging (DWI) at 3.0-Tesla. Methods: DWI of the pancreas was performed at 3.0-Tesla in 21 healthy volunteers with breath-hold, respiratory-triggered and free-breathing using b-values of 0 and 500 s/mm 2 . For all three sequences, two readers assigned an image quality score to images at b 0 and b 500 , and two independent readers measured ADCs for the head, body and tail of pancreas. Image quality scores and ADCs of pancreas in the three DWIs were compared. Results: For b 0 , image quality scores was not significantly different among the three sequences (p = 0.103). For b 500 , image quality score was significantly lower in free-breathing DWI than breath-hold or respiratorytriggered DWI (p = 0.000), and not significantly different between breath-hold and respiratorytriggered DWI (p = 0.212). Mean ADCs differed significantly among the anatomical regions with the lowest values measured in the pancreatic tail both at breath-hold and respiratory-triggered DWIs whereas no significant difference was found at free-breathing DWI. Conclusion: Breath-hold or respiratory-triggered technique provided DW images of pancreas with acceptable quality at 3.0-Tesla. Breath-hold is the preferred DWI technique for ADC measurements of pancreas.
Introduction
Owing to various technical advances including physiological gating and fast parallel imaging approaches, diffusion weighted magnetic resonance imaging (DWI) and apparent diffusion coefficient (ADC) measurements have been increasingly applied in the abdominal region [1] - [10] . In particular, several recent studies have indicated that DWI is promising in imaging pancreatic diseases [7] [10]- [13] . Three approaches including breath-hold, respiratory-triggered and free-breathing scanning can be used in practice for DWI of the pancreas [14] - [16] . Breath-hold scanning requires only a relatively short examination time, but signal-to-noise ratio (SNR) may be compromised. Respiratory-triggered scanning allows achieving higher SNR, but at the expense of prolonged examination time. Free-breathing DWI of the pancreas is relatively time-efficient and offers good SNR, but the image quality can suffer from blurring and various artifacts caused by motion and air in the intestines, especially at 3.0-Tesla magnetic strength [17] .
ADC measurements in breath-hold, respiratory-triggered, or free-breathing DWI can be helpful in the characterization of pancreatic lesions [7] [11]- [16] [18]- [30] . Most body DWIs are currently performed at 1.5-Tesla. However, 3.0-Tesla magnets are available in many imaging centers; in addition, ADC values can be influenced by many factors such as motion, field strength, the setting of b-values, and pulse sequence types [31] . To our knowledge, image qualities and ADC measurements of the pancreas in breath-hold, respiratory-triggered and free-breathing DWI have never been compared before at 3.0-Tesla.
The purpose of this study was to perform qualitative comparisons of image quality score and quantitative comparisons of ADC measurements of the normal pancreas parenchyma among the three different DWI sequences commonly used in practice to determine the optimum sequence for pancreatic DWI at 3.0-Tesla magnetic field strength.
Materials and Methods

Volunteers
This prospective study was approved by our Institutional Review Board and signed written informed consent was obtained from all participants. Twenty-one healthy adult volunteers (10 males and 11 females; mean age, 28.3 ± 3.6 years; age range, 20 -33 years) were recruited for the study. All scans were completed over a span of one week (31 January 2013-5 February 2013).
MR Examination
All volunteers were examined in supine position on a 3.0-Tesla MR Scanner (Signa HDxt, GE Healthcare, Milwaukee, WI, USA) with a 40 mT/m maximum gradient strength and a peak slew rate of 150 T/m/s. An embedded body coil was used for signal transmission and an 8-element phased array surface coil placed over the abdomen was used for signal reception. A respiratory bellow was used for respiratory-triggering monitoring. Highresolution breath-hold T2-weighted fast spin-echo sequence (TR = 3017 msec, TE eff = 86.7 msec, echo-train length = 16; matrix size = 188 × 224; FOV = 44 × 35.2 cm 2 ; NEX = 0.5; slice thickness and gap = 5.0 and 1.0 mm, respectively; 24 transverse slices; selective presaturation with inversion recovery [SPIR] for fat saturation) and a Liver Acquisition with Volume Acceleration (LAVA) gradient-echo sequence (TR = 2.6 msec; TE = 1.2 msec; flip angle = 110; matrix size = 270 × 224; FOV = 42 × 42 cm 2 ; NEX = 0.69; slice thickness and gap = 3.0 mm and 0 mm, respectively; 96 transverse slices; parallel imaging acceleration factor = 1.75, bandwidth = 125.0 kHz) were obtained in all participants in addition to DWI sequences. No intravenous contrast was administered.
In each volunteer one breath-hold, one respiratory-triggered and one free-breathing axial DW fat-suppressed single-shot spin-echo echo-planar images of the pancreas were obtained. The diffusion gradients were applied in three orthogonal directions along the three main axes of the magnet bore. The following parameters were constant for all three DWI sequences for all subjects: TE = 58.8 ms, flip angle = 90˚, field of view (FOV) = 38.0 × 30.4 cm 2 , matrix = 128 × 96, 14 transverse slices, slice thickness and gap = 5 mm and 1 mm, receiver bandwidth = 250 kHz, NEX = 2, parallel imaging acceleration factor = 2.0, SPIR was used for fat saturation. Two b-values (0 and 500 s/mm 2 ) were applied in three DW sequences. TR was set to 2275 ms both at breath-hold and free-breathing DWIs. In respiratory-triggered DWI, TR was set to 5454.6 ms. For respiratory-triggering, a respiratory bellow sensor is strapped to the abdomen for the monitoring the participant's breathing motion. The delivery of radiofrequency is synchronized with the respiratory cycle. Data is acquired during the end-expiratory phase. Nominal scan times of breath-hold DWI, respiratory-triggered DWI, free-breathing DWI were 18 seconds, 44 seconds and 18 seconds respectively. Prior to scanning, volunteers were asked to perform normal, breathhold and regular breathing training.
Image Analysis
All DW images were qualitatively analyzed by consensus of two radiologists (with 6 (Y.J. Li) and 15 (J. Wang) years of experience, respectively) in abdominal MRI. Quantitative measurements were independently performed by two readers (a researcher (C. Ma) with 4 years of experience in the study of pancreatic diseases, further referred to as Reader 1, and one radiologist (C.S. Pan) with 4 years of experience in abdominal radiology, further referred to as Reader 2). Both b 0 and b 500 DW images were used for qualitative comparisons. The T1W and T2W images were available for better detection and better localization of region of interest (ROI).
Qualitative Analysis
Raw data with Dicom format of MRI examination for each volunteer was transferred to a personal computer. DWI data was analyzed using free image analysis software (ImageJ, v. 1.33; http://rsb.info.nih.gov/ij/) to convert to images of PNG format which can be conveniently read on a personal computer. The DW images of each DWI sequence were placed in a file and 63 files were built for all the 21 subjects. The DW image files were presented in random order to the reviewers, who were blinded to the participants' identification, breath-hold, respiratory-triggered or free-breathing technique. For each DWI sequence, DW images of b 0 and b 500 were reviewed simultaneously. The readers were asked to grade, in consensus, the images quality assigned a score from 1 to 4 for each of conspicuity of organ edges and ghosting/distortion artifacts (1 = poor image quality, considered non-diagnostic; 2 = fair image quality, somewhat impairing diagnostic quality; 3 = good image quality, not impairing diagnostic quality; 4 = excellent image quality). These two scores were summed to provide a maximal image quality score of 8 per subject both for b 0 and b 500 images for each sequence. All DW images were qualitatively analyzed by consensus of two radiologists (with 6 (Y.J. Li) and 15 (J. Wang) years of experience
Quantitative Analysis
All ADCs were calculated on a workstation with a standard software package (Function 6.3.1e, GE AW Volume Share 2, GE Healthcare, Milwaukee, WI, USA) on a pixel-by-pixel basis to form ADC maps using b-values of 0 and 500 s/mm 2 , with the gray scale of the pixel linearly corresponding to the ADC value (mm 2 /s). The ADC values of the ROIs were placed as follows: head, area of pancreas to the right of left border of superior mesenteric vein; body, area of pancreas between left border of superior mesenteric vein and left border of aorta; and tail, area of pancreas between left border of aorta and splenic hilum. For the evaluation of intra-reader variability, Reader 1 measured the ADCs twice during two different sessions that were separated by over a 5-month interval to avoid any recall bias. All ROIs were kept away from the pancreas border to prevent volume averaging effects with reference to other images such as T2 weighted images or LAVA. The ROIs for each region covered an oval of 25 -80 mm 2 (mean 55 mm 2 ), and tried to avoid pancreatic duct, vessels, common bile duct in the measurements of ADC within ROIs (Figure 1 and Figure 2) . A global pancreatic ADC value was determined and defined as the sum of the single measurements in the head, body, and tail region divided by the number of measurements.
Statistical Analysis
Statistical analyses were performed using SPSS software for windows (Version 16.0, SPSS Inc., Chicago, IL, USA). First, image quality scores of breath-hold, respiratory-triggered, and free-breathing DW images were compared both at b 0 and b 500 . The nonparametric Friedman test was used for overall comparison and the nonparametric Wilcoxon signed-rank test was used for paired comparisons when the overall comparison was significant. Second, all ADC values were expressed as mean ± standard deviation (SD). Intra-and inter-reader agreement in ADC values on the anatomical regions (head, body, and tail) of pancreas and the global pancreas was determined as mean absolute difference (bias) and 95% confidence interval of the mean difference (limits of agreement) according to the method of Bland and Altman and expressed as percentages of median ADC values [32]. The results of Reader 1 were used for assessment of intra-reader variability. A series of Wilcoxon's tests were used to compare ADCs among the three DWI techniques, the results of the first ADC measurements of Reader 1 were used for the comparisons. A p-value of less than 0.05 was considered to indicate a statistically significant difference.
Results
Image Quality
Breath-hold DW images in 18 of 21 volunteers (85.7%) showed the scores of image quality were no less than 2 (fair image quality, somewhat impairing diagnostic quality) both at b-value of 0 s/mm 2 and 500 s/mm 2 . Respiratory-triggered DW images in 20 of 21 volunteers (95.2%) showed the scores of image quality were no less than 2 both at b-value of 0 and 500 s/mm 2 . Free-breathing DW images in 8 of 21 volunteers (38.1%) showed the scores of image quality were no less than 2 both at b-value of 0 and 500 s/mm 2 . There was no significant difference of the image quality scores among breath-hold, respiratory-triggered and free-breathing DWI at b 0 (p = 0.103). At b-value of 500 s/mm 2 , subjective image quality of both breath-hold and respiratory-triggered DWI techniques were statistically better than free-breathing DWI (p-value was 0.000 for both comparisons). There was no significant difference of the image quality scores between breath-hold and respiratory-triggered DWI techniques at b-value of 500 s/mm 2 (p = 0.212) ( Table 1) .
Intra-Reader Variability of ADC Values
The ADC values on the anatomical regions (head, body and tail) of pancreas of the two repeated measurements of Reader 1 for breath-hold, respiratory-triggered and free-breathing DWIs are showed in Table 2 . No significant differences in ADC values were found at pancreatic head, body or tail for the three techniques. Graphic illustration of these data with Bland-Altman plots is displayed in Figure 3 .
For breath-hold DWI, the mean absolute difference (bias) and 95% confidence intervals of the mean difference (limits of agreement) for the pancreatic head, body, tail and global pancreas were 0.004 × 10 For respiratory-triggered DWI, the mean absolute difference (bias) and 95% confidence intervals of the mean difference (limits of agreement) for the pancreatic head, body, tail and global pancreas were −0.026 × 10 
Inter-Reader Variability of ADC Values
The ADC values on the anatomical regions (head, body and tail) of pancreas measured by the two readers for breath-hold, respiratory-triggered and free-breathing DWIs are showed in Table 3 . No significant differences in ADC values were found at pancreatic head, body or tail for the three techniques. Graphic illustration of these data with Bland-Altman plots is displayed in Figure 4 .
For breath-hold DWI, the mean absolute difference (bias) and 95% confidence intervals of the mean difference (limits of agreement) for the pancreatic head, body, tail and global pancreas were −0. measurements of Reader 1 was 14.0% of the mean ADC values for the head, 13.7% for the body, 17.0% for the tail and 9.4% for the global pancreas.
For free-breathing DWI, the mean absolute difference (bias) and 95% confidence intervals of the mean difference (limits of agreement) for the pancreatic head, body, tail and global pancreas were −0. 
Comparison of ADC Values among Three DWI Techniques
ADC values of the pancreas were calculated when the image qualities scores were no less than 2 among the three DWI techniques both at b 0 and b 500 . Mean ADC values differed significantly among the anatomical regions with the lowest values measured in the pancreatic tail both at breath-hold and respiratory-triggered DWIs, whereas no significant difference of ADC value in three pancreatic segments in free-breathing DWI ( Table 4, Table  5 and Figure 5) . Table 6 showed the paired comparisons of ADCs of the normal pancreatic parenchyma of three pancreatic segments between any two of the three DWI techniques, and ADCs were statistically lower for the body and tail of pancreas with breath-hold DWI than that with respiratory-triggered DWI. Table 4 . Mean ADCs (×10 −3 mm 2 /s) and standard deviation (SD) of the normal pancreatic parenchyma for breath-hold, respiratory-triggered and free-breathing DWI techniques. 
Discussion
In the study, we firstly compared image quality of pancreatic DW images obtained at 3.0-Tesla using three techniques common in everyday practice. The results of our study demonstrated that breath-hold and respiratorytriggered had higher image quality score compared with free-breathing scanning for the healthy volunteers. Kartalis et al. reported the image quality score of respiratory-triggered DWI was significantly higher than free-breathing DWI but not breath-hold DWI in pancreatic ductal adenocarcinoma (PDAC), and concluded that respiratory-triggered DWI showed superiority and was the optimal DWI technique for demonstrating PDAC [33] . However, in the study, all cases were patients imaged at 1.5-Tesla. There may be an increase in artifacts and associated decrease in overall image quality for abdominal DWI at 3-Tesla depending on the specific hardware and DWI sequence used. In the current study, both breath-hold and respiratory-triggered had better image quality than free-breathing at b-value of 500 s/mm 2 in pancreatic DWI at 3.0-Tesla. Using a breath-hold technique at 3.0-Tesla and three b-values of 0, 400 and 800 s/mm 2 , Rosenkrantz et al. found subjective image quality was significantly worse at 3.0-Tesla than at 1.5-Tesla for the increased field inhomogeneity and susceptibility effects at 3.0-Tesla and concluded that continued optimization of abdominal DWI at 3.0-Tesla is warranted [34] . The larger size of matrix (144 × 192) for abdominal DWI in the study would cause the decreasing of image quality in DWI sequences for the increased phase-related errors with larger matrix of single-shot echo-planar imaging at higher field strength. Given our experiences, it is suggested that DWI with smaller matrix (128 × 96) serve as a compromise between the signal-to-noise and the scanning time, which also can help decrease the phase-related errors and subsequent worse geometric distortion in single shot echo-planar imaging.
It's worth nothing that the rate of pancreatic DW image quality with the score of no less than 2 both at b 0 and b 500 with breath-hold and respiratory-triggered (85.7% and 95.2%, respectively) are higher than that with freebreathing technique (38.1%) for the 21 young healthy volunteers. Breath-hold DWI at 3.0-Tesla is fast and acceptable quality images can be obtained in less than 20 seconds. On the contrary, free-breathing technique at 3.0-Tesla is of lower image quality score. Despite respiratory-triggered DWI can obtain acceptable image quality DWI by triggering data acquisition, it would be at the expense of prolonged examination time in practice [17] . However, free-breathing techniques have been used in clinical practice with successful results especially at 1.5-Tesla [7] . Most of these applications take advantage of improving SNR by increasing the number of signal averaging. In our study, free-breathing technique at 3.0-Tesla was severely affected by motion artifacts, despite only with a few seconds scanning time and volunteers were asked to perform regular breathing training. Breath-hold and respiratory-triggered may be essential to reduce breathing artifacts, which can otherwise severely degrade image quality. So breath-hold and respiratory-triggered are the preferred techniques for pancreatic DWI with proper setting of parameters at 3.0-Tesla just from the respect of acceptable image quality for clinical diagnosis. However, in clinical practice, patients cannot hold-breath or breathe regularly, in whom the free-breathing technique may have some advantages.
The results of our study show that ADC values as calculated with b-values of 0 and 500 s/mm 2 at 3.0-Tesla within the three DWI techniques are reproducible on both an intra-and inter-reader basis. Our data may serve as a reference with respect to the limits of error in subjective ADC measurements for future studies involving DWI of the pancreas. We have evaluated the reproducibility of ADC values on both an intra-and inter-reader basis. The 95% limits of agreement between ADC values obtained on repeated measurements for breath-hold DWI, respiratory-triggered DWI and free-breathing DWI ranged from 9.5% to 16.4%, from 7.0% to 16.3% and from 13.5% to 26.7% for intra-reader variability, respectively, and ranged from 11.4% to 19.9%, from 9.4% to 17.0% and from 14.5% to 29.6% for inter-reader variability, respectively. ADC measurements may be helpful in characterizing pancreatic lesions. In general, malignant lesions have lower ADCs, whereas benign lesions have higher ADCs, although variable overlap occurs between both groups [7] [18]- [30] . In addition, ADC measurements may be helpful in grading the severity of chronic pancreatitis [11] [13]. However, ADC values can be influenced by many factors such as number of b-values, strength of diffusion encoding, diffusion encoding direction, breath-hold versus nonbreath-hold, field strength, tissue relaxation properties, noise, fitting procedure, etc. These factors may potentially alter the measured ADC even in the absence of a change in diffusion [31] . As a result, ADCs ranging from 1.02 to 2.06 × 10 −3 mm 2 /s have been reported in the literature for healthy pancreas or normal pancreatic tissue [10] [35]- [37] . In the current study, ADC maps were calculated with DW images based on b-values of 0 and 500 s/mm 2 . The increase of the b-value is limited by longer TE, lower SNR, and greater image distortion. Given the location within the abdomen, the SNR within the pancreas may be poor at comparatively high b-values, which in turn can result in imprecise ADC calculations. Thus, a maximal b-value of 500 s/mm 2 was selected to balance between diffusion contrast and sufficient SNR within the pancreas for all DWI sequences. A latest study reported the optimal b-value was 600 s/mm 2 to differentiate between benign and malignant abdominal lesions in DWI with b-values of 50, 200, 400, 600, 800 and 1000 s/mm 2 , and higher b-value did not improve the sensitivities, specificities, or accuracies [29] . Numerous prior studies with DWI in pancreatic diseases have also used only two b-values and a similar maximal b-value [7] [21] [22] [27] [37] . A greater number of b-values would have required longer acquisition time. In addition, some studies, which identified the optimal strategy for b-value selection in the abdominal lesions, observed that increasing the number of b-values did not improve precision of DWI metrics in comparison with increasing the number of averages of the selected b-values [29] [38] . This study firstly compared and assessed the ADC measurements in the three approaches at 3.0-Tesla. Our results indicate that mean ADC values differed significantly between the anatomical regions with the lowest values measured in the pancreatic tail in both breath-hold and respiratory-triggered DWI. Conversely, the pancreas showed homogeneous distribution of ADC values among the three segments and the pancreatic body has the highest ADC value at 3.0-Tesla using freebreathing technique. This is consistent with the results of Braithwaite et al [39] . Using a respiratory-triggered technique at 3.0-Tesla and three b-values of 0, 400 and 800 s/mm 2 , Barral et al. also found ADCs ranging from 1.286 ×10 −3 mm 2 /s to 1.202 ×10 −3 mm 2 /s with no significant differences between the three pancreatic segments [40] . The tendency of mean ADC values was decreasing from the head to tail as was done in the present study. The difference in the present findings may be caused by the different setting of b-values in the two studies.
The present results also indicate that ADC values with breath-hold DWI both at the body and tail of pancreas were statistically lower than that with respiratory-triggered DWI techniques ( Table 4 and Table 6 ). The ADCs are affected by DWI quality, and images with better quality have more accurate information on diffusion in the tissues. Yoshikawa et al. reported a significant inverse correlation was found between ADC and image quality [41] . In the study, the images quality score of breath-hold DWI is a few higher than that for respiratory-triggered DWI, it may improve the accuracy of ADC measurements of pancreas with breath-hold DWI. On the other hand, ADC measurements in respiratory-triggered DWI would be a mismatch in end-expiratory diaphragm levels between sequential triggering events. DWIs with breath-hold should be preferred for ADC measurements in pancreas.
Our present study has several limitations. First, the population under investigation was relatively small reflecting our initial experience. Our group of normal, healthy, cooperative volunteers, they were all very well able to hold their breath, and likely significantly differ from typical patient populations. Imaging artifacts and image quality may differ on DWI sequences depending on underlying pathologic abdominal conditions. Second, all qualitative scores reported for the assessment of the subjective image quality were made by a consensus of two reviewers, and we did not provide an analysis for an inter-reader agreement. Third, different techniques were used for achieving fat-saturation at 3.0-Tesla, which may have influenced image quality.
Conclusion
In conclusion, it is found in this focused DWI study that both breath-hold and respiratory-triggered DWI provide acceptable quality DW images of pancreas at 3.0-Tesla if the patients can hold breath or breathe regularly. However, the quality of free-breathing DW images at 3.0-Tesla suffers severely from overlying motion artifacts. Therefore, this sequence is not recommended for clinical use at 3.0-Tesla magnets if the patients can hold breath or breathe regularly.
